This study investigates the seasonal and spatial differences in phytoplankton communities in the coastal waters off two nuclear power plants in northern Taiwan in 2009. We identified 144 phytoplankton taxa in our samples, including 127 diatoms, 16 dinoflagellates, and one cyanobacteria. Four diatoms, namely, Thalassionema nitzschioides (T. nitzschioides), Pseudo-nitzschia delicatissima (P. delicatissima), Paralia sulcate (P. sulcata), and Chaetoceros curvisetus (C. curvisetus) and one dinoflagellate Prorocentrum micans (P. micans) were predominant during the study period. Clear seasonal and spatial differences in phytoplankton abundance and species composition were evident in the study area. Generally, a higher mean phytoplankton abundance was observed in the waters off the First Nuclear Power Plant (NPP I) than at the Second Nuclear Power Plant (NPP II). The phytoplankton abundance was usually high in the coastal waters during warm periods and in the offshore waters in winter. The phytoplankton species composition was different in the NPP intake and outlet. An abundant phytoplankton increase in the outlet was frequently detected, probably due to the difference in phytoplankton species suitability to thermal stress. Our results suggest that thermal discharge may affect the phytoplankton communities by altering its species composition within a restricted area close to the NPP. This study provides basic knowledge on phytoplankton distribution patterns, essential information required to further understand the ecological impact caused by thermal effluents.
INTRODUCTION
Phytoplankton are the most important primary producer in most marine food webs. Through photosynthesis, phytoplankton convert inorganic compounds into organic compounds using solar energy. Phytoplankton communities are sensitive to environmental variations, and long-term or extreme changes in hydrographic conditions may affect their structure (Cottingham 1999; Li et al. 2011) . Seawater temperature plays a critical role in determining the development and maintenance of phytoplankton communities (Davison 1991) . The potential impact of thermal discharge from a coastal power plant cooling system on marine organisms and their ecosystem has been studied extensively in the last decades, e.g., bacteria (Choi et al. 2002; Shiah et al. 2006) , phytoplankton (Martínez-Arroyo et al. 2000; Poornima et al. 2006; Chuang et al. 2009 ), zooplankton (Yang et al. 2002; Jiang et al. 2009 ), crab (Suresh et al. 1995) , fish (Teixeira et al. 2009 ), and sedentary organisms (Lardicci et al. 1999; Teixeira et al. 2009 ). Most recent impact studies on phytoplankton focused mainly on the effects of elevated seawater temperature and residual chlorine on the biomass and productivity Rajadurai et al. 2005; Chuang et al. 2009 ). Li et al. (2011) reported that the nuclear power plant thermal discharge in the subtropical Daya Bay in China strongly influenced the phytoplankton community. Here, a remarkable shift from diatoms to dinoflagellates was observed when the seawater temperature reached 35°C or > 3.7°C relative to the normal ambient temperature in the study area.
The waters off the First (NPP I) and Second (NPP II) Nuclear Power Plants are located at the southern margin of the East China Sea (ECS). The succession of water masses in this area is controlled mainly by monsoon systems (Liu et al. 1992; Jan et al. 2006) . In summer the southwesterly monsoon prevails and makes the South China Sea Surface Current (SCSSC) flow northwards through the Taiwan Strait to the southern ECS. In winter the northeasterly monsoon usually drives the cold, low-saline, nutrient-rich China Coastal Current (CCC) southwards along the coast of mainland China into the northern and central Taiwan Strait, where it also inhibits the northward intrusion of the SCSSC. The intrusion of the Kuroshio Current to the southern ECS shelf is year-round.
Studies on the thermal discharge from NPP I and NPP II into the coastal waters of northern Taiwan are available (Hung et al. 1998; Shiah et al. 2005 Shiah et al. , 2006 . Lo et al. (2004) investigated the spatio-temporal distributions of phytoplankton and found that there were no significant differences in phytoplankton communities between the NPP outlet and intake regions. Shiah et al. (2005) explored planktonic and ecosystem responses to thermal effluents from NPP II and suggested that the phytoplankton were more vulnerable than heterotrophs to thermal stress in temperature manipulation experiments. Similarly, chlorination caused a greater reduction in phytoplankton productivity than in periphyton productivity compared to elevated seawater temperatures near NPP II (Chuang et al. 2009 ). The present study was carried out in the coastal waters off NNP I and NNP II in northern Taiwan. The objectives of this study were (1) to compare the abundance and communities of phytoplankton between the NPP outlet and intake regions in subtropical Taiwan, and (2) determine the potential effect of thermal discharges on phytoplankton communities located at the NPP outlets.
MATERIAL AND METHODS

Study Area
NPP I and NPP II are located in Jinshan and Wanli, respectively, of northern Taiwan. The two power plants use 35 m 3 s -1 (NPP I) and 44 m 3 s -1 (NPP II) of seawater for cooling. In general the surface seawater temperature in the intake region ranges from 18°C in winter to 30°C in summer. A temperature gradient of 8 -12°C at the surface characterizes the outlet region water column. The area that could be affected by a thermal plume should be inside the 500 -1000 m range away from the outlet. NPP I faces the open ocean in the study area, while NPP II is located within semi-enclosed Kuosheng Bay (Fig. 1) . Kuosheng Bay has a 8 km 2 surface area with a mean depth of 15 m. The seawater exchange rate between the inshore and offshore areas is lower near NPP II than NPP I and this difference may affect the thermal effluent dispersion efficiency.
Sampling
The R/V Ocean Research II was commissioned to collect phytoplankton samples during the months of January (winter), April (spring), July (summer), and October (autumn) in 2009. The velocity and direction of the waters in the study area were measured in situ using the Acoustic Doppler Current Profiler (ADCP, Teledyne RD Instruments). There were 30 sampling stations in 6 transects, with each track containing 5 stations at 250, 500, 1000, 1500, and 2000 m, respectively, offshore and 4 sampling stations near the NPP outlets and intakes (Fig. 1) . At each sampling station except for the outlet and intake, sea surface temperatures (SSTs) and salinity were recorded with a General Oceanic's SeaBird CTD (SBE-911 Plus). Water samples for phytoplankton identification and chlorophyll a (Chl a) and nutrient measurements (phosphate, silicate, nitrite, and nitrate) were collected at 1 -2 m depth using GoFlo bottles. Of these waters, to each 500 mL water sample for phytoplankton identification 25 mL of borax-buffered formalin were added for preservation. Chl a samples were collected in situ by filtering 100 mL water through GF/F filters that were frozen under dark conditions over as little time as possible before laboratory analyses. The remaining water samples (four liters of each sample) were stored in a polyethylene bottle at 4°C and returned to the laboratory for further quantitative filtration and analyses.
In the laboratory, for Chl a, the filter collected on board was placed in a 15 mL centrifuge tube with 10 mL 90% acetone. After vigorous vortexing, the pigments were extracted in complete darkness for 20 h (Strickland and Parsons 1972; Lobban et al. 1988) . The tubes were then centrifuged at 1000×g for 15 min and the supernatant was transferred into a fluorometer cell. The Chl a concentration in the supernatant was measured with a fluorometer (Turner Design 10-AU). In accordance with Bruland et al. (2005) , 10 μg L -1 Chl a was set as the baseline value above which an algal bloom was projected to occur. A part of each remaining water sample was filtered through pre-combusted GF/F filters (at 450°C, 4 h). The filtered water was used to measure nitrate, nitrite, phosphate, and silicate. Three replicate measurements were made for each chemical analysis. The four parameters were determined colorimetrically (Grasshoff et al. 1983 ) equipped with a flow injection analysis. Spiked nutrients recovery in oligotrophic Kuroshio surface water was better than 95%.
The phytoplankton samples were shaken to ensure homogeneity and, thereafter, a 1 mL sample was concentrated from 100 -250 mL of the shaken water sample by sedimentation for 24 h in a Combined Plate Chamber (Hydro-Bios). All phytoplankton cells in the concentrated sample were identified and counted with an inverted microscope (Nikon-A300) at 200 or 400 magnification. The size of the smallest cells recorded in the present study was about 2 μm. Each specimen was identified to species level whenever possible. The phytoplankton abundance was expressed as the number of cells per liter. All of the phytoplankton samples were analyzed within two months after each sampling cruise.
Data Analysis
The Shannon-Weaver diversity index (H'; Shannon and Weaver 1963) was used to calculate the phytoplankton species diversity. The Sørensen similarity index (SI; Sørensen 1948 ) was used to compare the phytoplankton similarity between outlet and intake stations. Similarity was calculated by analyzing the similarity of pairs taken from sites in terms of the presence or absence of specific species. Seasonal hydrographic and biological features based on the data collected at each sampling station (including SSTs, salinity, and Chl a) were characterized using principal component analysis (PCA; Pielou 1984) . The differences in 6 hydrographic variables (temperature, salinity, phosphate, silicate, nitrite, and nitrate), Chl a, and abundance, species richness, and H' values for phytoplankton between NPPs and between seasons were tested using one-way ANOVA (Dunn and Clark 1974) . In order to examine the spatial and temporal differences in community structure, non-metric multidimensional scaling (MDS; Cox and Cox 1994) , ordination using the Euclidean distance based on similarity matrix of log(x + 1)-transformed abundance of phytoplankton was performed with the PRIMER-6 software package. A one-way analysis of similarities (ANOSIM; Clarke and Warwick 2001) was applied to evaluate the effects of location and season on the phytoplankton community composition. This procedure compares the average rank similarities within pre-defined groups of samples with the average similarity between groups. If the global test results indicated significances at the 5% probability level, pairwise R values were used to determine their separation. An R value close to 1 indicates a strong separation between groups, while an R value of 0 indicates no difference between groups. The relationships between phytoplankton abundances and environmental variables were analyzed using multiple regressions with the forward stepwise method (Allison 1998) .
RESULTS
Hydrographic Features and Chl a Concentration
Throughout the study period, surface temperature fluctuated from 17. , and Chl a from 0.27 -1.14 μg L -1 . The SSTs and Chl a showed similar seasonal patterns in the waters off NPP I and NPP II. The highest SSTs and Chl a concentrations were recorded in summer and the lowest SSTs and Chl a concentrations were recorded in winter and autumn (Figs. 2a, c ). An opposite trend was observed in nutrients, with the highest values generally noted in autumn or winter and lowest values in summer (Figs. 2d -g ). Although no significant difference was monitored in hydrographic and biological variables between NPP I and NPP II, except for nitrite, slightly higher temperatures were generally observed in the waters off NPP II (Fig. 2) . The nitrite was usually higher near NPP I than near NPP II (one-way ANOVA, F 1,96 = 14.008, P < 0.001).
Four significantly seasonal station groups were distinguished in the PCA result based on SSTs, salinity and Chl a (Fig. 3) . The principal components 1 and 2 could explain 66.9 and 28.5% of the variations, respectively. Seawater temperature was the most important factor that determines the ordination of all sampling stations. Current velocities in the waters at NPP I were generally higher than those at NPP II (Fig. 4) . In the NPP I waters the currents flowed mainly eastward or south-eastward during high tide. Conversely, they flowed north-westward or northward and sometimes in cycles during low tide. In the NPP II waters the currents flowed mainly eastward during high tide and westward during low tide.
Phytoplankton Abundance and Diversity
A total of 144 phytoplankton taxa (127 diatoms, 16 dinoflagellates, and one cyanobacteria) were identified. The highest number of taxa was recorded in summer (102) and the lowest in spring (56) ( Table 1 ). The overall mean abundance (± SE) was 2457 ± 145 cells L -1 . A seasonal difference in phytoplankton abundance (one-way ANOVA, F 3,136 = 7.631, P < 0.001) was evident in the study area, with the highest abundances in winter and spring, moderate abundance in summer, and lowest abundance in autumn. No significant seasonal differences in species richness (one-way ANOVA, F 3,136 = 1.436, P > 0.05) and species diversity (one-way ANO-VA, F 3,136 = 1.506, P > 0.05) could be observed (Table 1) . In general, the mean phytoplankton abundance and species richness were higher in the waters off NPP I than off NPP II, except for autumn. Meanwhile, the seasonal mean abundance and species richness for phytoplankton in the NPP outlets were higher in spring and autumn, particularly in spring, and lower in winter and summer (Table 1) . Phytoplankton abundance in coastal waters was usually higher (< 500 m offshore) from spring to autumn and offshore in winter, respectively (Fig. 5 ).
Phytoplankton Community Composition
The diatom Thalassionema nitzschioides (T. nitzschioides) (Grunow) Mereschkowsky 1902, constituted 22.26% of the total phytoplankton abundance. This was the most abundant species during the entire survey, followed by the diatoms Pseudo-nitzschia delicatissima (P. delicatissima) (Cleve) Heiden 1928 (6.63%) and Paralia sulcata (P. sulcata) (Ehrenberg) Cleve 1873 (4.63%), the dinoflagellate Prorocentrum micans (P. micans) Ehrenberg 1834 (4.61%), and the diatom Chaetoceros curvisetus (C. curvisetus)
Cleve 1889 (4.44%). The abundance of the five dominant phytoplankton species showed different seasonal fluctuations (Fig. 6 ). The ANOSIM results showed significant temporal and spatial differences in the phytoplankton community. Phytoplankton communities differed significantly 
between the NPPs (Global R = 0.06, P < 0.01). Although the station groups overlapped partially, a seasonal pattern, particularly between winter and summer, became evident as well (Global R = 0.22, P < 0.01; Fig. 7 ). Among the dominant species (Table 2) species, for example T. nitzschioides, T. frauenfeldii, and P. delicatissima, the dominant phytoplankton species compositions in the outlet and intake regions of NPPs were different (Table 3 ). The similarity indices were 0 -54% at NPP I and 29 -42% at NPP II between the outlet and intake during different sampling periods.
Relationships Between the Dominant Phytoplankton and Environmental Variables
The abundances of the five dominant phytoplankton species were significantly correlated to environmental variables. The predictive equations derived from stepwise regression are shown in Table 4 . The abundance of T. nitzschioides correlated significantly negative with temperature and positively to nitrite. The abundance of P. delicatissima showed positive correlations with temperature and nitrate, while P. sulcata was significantly positively correlated to nitrate. The abundances of P. micans and total phytoplankton were positively correlated to salinity. The abundances of C. curvisetus and total phytoplankton were positively correlated to silicate. Species richness and species diversity had no correlations with any one environmental variable.
DISCUSSION
Phytoplankton Community Structure
Seawater temperature (Jordan et al. 1983; Li et al. 2011) , salinity (Heip et al. 1995) , and available nutrients (Hecky and Kilham 1988) are important determining factors that structure phytoplankton communities. Moreover, these factors are further affected by local oceanographic characteristics. In this study significantly higher nutrients were observed during the cold periods (Figs. 2d -g semi-enclosed bay (Fig. 1) . The seawater exchange rate between inshore and offshore areas was lower near NPP II than near NPP I and the difference may affect the thermal discharge dispersion efficiency (Fig. 4) . This is evidenced by a clear temperature spatial pattern, where the average temperature was always higher (ca 0.5 -1.5°C) in the waters off NPPII than NPPI (Fig. 2a) . The higher temperature usually caused an increase in phytoplankton abundance in inshore waters at NPP II during the warm periods (Fig. 5) . A clear seasonal structure in which stations in the same season were clustered together was derived from the MDS using phytoplankton species composition analysis (Fig. 7) . The dominant phytoplankton species in different seasons were usually dissimilar (Table 2) . With the MDS ordination we found significant temporal differences between the phytoplankton communities off NPP I and NPP II in winter and summer. Among the five predominant phytoplankton species, T. nitzschioides, a cosmopolitan diatom in neritic as well as oceanic waters (Marshall 1982) , usually constituted over 20% of the total phytoplankton cells and was the most abundant species in each season except in summer. In the present study, it was significantly negatively correlated with temperature; and usually had higher abundances in the NPP I intake during the cold period (Table 4 , Fig. 6a ). This finding is consistent with a previous study in this area by Lo et al. (2004) .
P. delicatissima, a very common species in this area, showed a significantly higher abundance during the warm period (Fig. 6b) . This species has a wide distribution range in both oceanic and coastal waters (Hasle et al. 1996; Hasle and Syvertsen 1997; Hasle 2002) . At times it becomes the dominant diatom species among marine plankton, for example in the North Atlantic (Hasle et al. 1996) . According to a study by Patrick (1969) , the diatom genus Pseudo-nitzschia has great ability to tolerate thermal stress. In the Gulf of Naples (Mediterranean Sea), P. delicatissima often shows a second abundance peak in autumn when the water temperature is higher than in spring and the water column is still stratified (Orsini et al. 2004; Ribera d'Alcalà et al. 2004) . In this study it was the most abundant species off both NPPs in summer and highly abundant in the NPP II outlet in spring. Furthermore, it was significantly positively correlated with temperature (Table 4) . However, our results were inconsistent with those of Lo et al. (2004) who concluded that P. delicatissima was the most dominant species during the cooler seasons.
The third most abundant species, P. sulcata, has a wide distribution and is often found in temperate brackish to marine planktonic and benthic waters, in both littoral and sublittoral zones (McQuoid and Nordberg 2003a, b) . Its abundance decreased rapidly in this study with increasing temperature and increased with high nitrate concentrations (Table 4 , Fig. 6c) . A laboratory study by Ramamurthy and Krishnamoorthy (1965) reported that the optimum temperature for P. sulcata growth and cell division in cultures was 17°C, which supports our results that P. sulcata prefers the cooler season. At Helgoland Roads, North Sea, Gebühr et al. (2009) also observed that P. sulcata occurred mainly in late autumn and winter from 1962 -1996, but since 1997 it has been found throughout the year. The changes in temperature, light, and nutrient conditions were suggested to be responsible for a shift in the ecological niche of P. sulcata. On the other hand, in Scottish isolated basins an opposite result was reported by Zong (1997) , where P. sulcata was abundant during warmer periods and disappeared when the nutrient supply, water chemistry, vegetation and sediment characteristics were changed due to cooler conditions. The dinoflagellate P. micans is one of the most common species in the study area and is cosmopolitan in cold to warm waters. This species is abundant and most frequently seen among its congeners. In addition, it usually blooms extensively, but is considered harmless as it causes non-toxic red tides. Guimarães and Rörig (2004) compared the growth response of P. micans to three salinity values (25, 30, and 34) and found that this species grew faster at salinity 30 and slower at salinity 25. In a semi-enclosed Mediterranean lagoon (Tunisia, SW Mediterranean), Sahraoui et al. (2013) found that P. micans seemed more likely to proliferate in saline waters with high concentrations of inorganic nutrients (nitrate, ammonia, and phosphate). In the present study, P. micans occurred mainly in spring and had a positive correlation with salinity (Table 4 , Fig. 6d ). We found that the average salinity in NPP waters in spring was about 0.5 higher than during the other seasons (Fig. 2) . Thus, we believe that salinity may be an important factor that affects the P. micans distribution in NPP waters.
Chaetoceros is the most diverse and widespread genus of marine planktonic diatoms. In this study, C. curvisetus, the 5 th dominant species, was common in the NPP coastal waters (also observed by Lo et al. 2004) . Chiang et al. (1999) investigated the spring distribution of diatom assemblages in the ECS and found that this species was a dominant species in the coastal assemblage. Lee et al. (2001) reported the predominance of C. curvisetus in the surface waters of all samples in their collection from the coastal waters off Tongyeong in Korea during the cooler season in October. In addition, in the marine Lake Rogoznica (eastern Adriatic coast) Burić et al. (2009) found that C. curvisetus appeared during spring when higher nitrate concentrations were present. A similar phenomenon was also observed in the present study (Fig. 6e ).
Preliminary Observations on the Effect of Thermal Discharges on Phytoplankton Communities
The impact of thermal discharge from the nuclear power plant may cause some effects on the phytoplankton community. In the present study we noted a most remarkable difference in phytoplankton species composition between the intake and outlet waters (Table 3) . It was reported that in the outlet area of power plants the seawater temperature increased about 8 -12°C in temperate zones (Bamber 1995) and 6 -10°C in tropical areas (Martínez-Arroyo et al. 2000; Poornima et al. 2006 ). In the subtropical Daya Bay in China, Li et al. (2011) also suggested that the seawater temperature at the outfall station was significantly higher than in the surrounding water, by as much as 5.6°C, and increased by 6.8°C during the 23-year study period. Although we did not have sufficient temperature data on the NPP outlet, temperature records for NPP II outlet and intake during 2001 -2003 were available from two previous studies. Chuang et al. (2009) measured the outlet and intake seawater temperature for NPP II trimonthly and found that the average temperature in the outlet was usually 8 -11°C higher than that in the intake. Shiah et al. (2006) reported a difference of about 10°C between the outlet (higher) and intake (lower) waters of this power plant.
Robust standards for thermal discharges into transitional and coastal waters are still missing (Wither et al. 2012) . Do elevated seawater temperatures really affect phytoplankton growth? In an earlier laboratory study on marine phytoplankton, Hirayama and Hirano (1970) found that Chlamydomonas sp. and Skeletonema costatum (Greville) Cleve 1873 were not damaged severely when the seawater temperature was raised to 35 -40°C. Sellner et al. (1984) reported that an increase of 6°C affected the C-fixation of certain microflagellates, but not dinoflagellates and diatoms. In a laboratory study using diatoms isolated from the Madras Atomic Power Station in Kalpakkam, India, concluded that acute exposure to temperatures as high as 42°C did not significantly affect the growth of diatoms. These studies were confirmed by our results that the thermal discharge effect from the NPPs on the abundance and diversity of phytoplankton was minimal.
We expect that thermal discharge may affect the species composition of phytoplankton communities between the outlet and intake regions, as reported by Poornima et al. (2005) and Chuang et al. (2009) . Similarly, Li et al. (2011) found that the contribution of diatoms and dinoflagellates to the total phytoplankton population showed significant correlation with temperature, negative for diatoms, while positive for dinoflagellates. In the present study the species composition showed 46 -100% and 58 -71% differences between the outlet and intake of NPP I and NPP II for each season, respectively (calculated by similarity indices, data not shown). We speculate that the change in phytoplankton species composition could be due to a difference in phytoplankton species suitability to thermal stress. The phytoplankton population was heavily dominated by diatoms in the present study (Table 2) . Patrick (1969) reported that the dominant diatom genera, Nitzschia, Navicula, and Achnanthes, in the periphyton of the outlet region were similar to those of freshwater periphyton that were tolerant to high temperatures. By contrast, the diatoms, Mastogloia, Diploneis, Cocconeis, and Epithemia, did not tolerate high temperatures and were absent from the outlet region but occurred only in the intake region of NPP II (Chuang et al. 2009 ). Similar phenomena were also noted by the present study. The elevated temperature in the NPP outlet area was favorable for the growth of diatoms, R. arcuatum, P. delicatissima, and Melosira sulcata (Ehrenberg) Kützing 1844 and dinoflagellate, P. micans, which had a high abundance during the specific season (Table 3 ).
In conclusion, seasonal differences in phytoplankton abundance became evident in the study area. However, no significant differences in species richness and species diversity were observed. In general, mean abundance, and phytoplankton species richness were higher in the NPP I waters than in NPP II waters. According to the preliminary observation we suggest that the thermal effluents may affect the phytoplankton species composition between the outlet and intake regions. This study provides basic knowledge on the distributional patterns of phytoplankton off two coastal nuclear power plants, essential information required to further understand the ecological impact caused by thermal discharge. More research is still required to observe such community effects caused by the thermal effluent.
